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columnar orientation maps in primates 1 and salt-and-pepper type organization in rodents 2 (Fig. 1a ). From the fact 23 that species of distinct cortical organization are found on separate branches of the mammalian phylogenetic tree, it 24 has been suggested that columnar or salt-and-pepper organization reflect species-specific principles of evolution 25 underlying the development of cortical circuits 3, 4 . 26
Another recent view is that the cortical development is governed by a universal mechanism, but that 27 disparate architectures can arise from variation of specific biological parameters, such as the range of cortical 28 interaction 5 , the size of V1 6 or the number of V1 neurons 7 . However, further analysis of data for various species 29 resulted in reported counterexamples of this simple prediction, implying that V1 organization may not be simply 30 determined by a single anatomical factor 8 . For instance, four species of mammals (ferret, tree shrew, rabbit and gray 31 biological parameter in previous studies. Then, to examine the mapping between two areas in terms of the neural 48 sampling ratio, we further tried a prediction based on the ratio between the number of RGC (NRGC) and V1 neurons 49 (NV1) (i.e. retino-cortical sampling ratio) and found that this ratio also successfully predicts V1 organization of all these 50 species (Fig. 1d) . 51
Then, what is the underlying principle that explains this classification of V1 organization by retino-cortical 52 sampling? Based on previous experimental observations that the orientation tuning in V1 can be predicted by the 53 arrangement of ON and OFF feedforward afferents 9,10 , we assumed that both columnar maps and salt-and-pepper 54 organization can arise from the same retinal mosaics, simply from different feedforward mapping ratios ( Fig. 2a ). 55
Using observed RGC mosaics data in cats 11 , we performed a simulation of cortical organization of orientation tuning 56 using our previous developmental model of orientation maps 12,13 . As a result, we found that both columnar and salt-57 and-pepper organizations of orientation tuning can develop, even from the same RGC mosaics, only if the sampling 58 ratio between RGC and V1 neurons (NV1/NRGC) varies ( Fig. 2a , top vs. bottom). We simulated two scenarios with two 59 different sizes of the model V1, but with same neuron density. It was assumed that the entire retinal area is matched 60 to the whole V1 patch and that each V1 neuron receives feedforward inputs from the same size of local ON and OFF 61
RGCs in the area of the corresponding retinal location (See Methods for details). We assumed that every cortical cell 62 receives input from a similar number for RGCs regardless of variation in RGCs density and retino-cortical 63 magnification, because the density of the RGCs and retino-cortical magnification are proportional across retinal 64 eccentricity in the observed RGC data at large scale 32,33 (Extended Data Fig. 1 ). Then, the orientation tuning of each 65 V1 neuron was calculated from the receptive field of sampled RGCs 14 (Extended Data Fig. 2) . 66
When V1 size was relatively large (NV1/NRGC = 2.5), neighbouring V1 neurons had highly-overlapping 67 receptive fields due to a high sampling density of mapping from retina to V1 space ( Fig. 2a, top) . As a result, 68 neighbouring V1 cells had similar orientation tuning (Fig. 2b , top and 2c, green curve). In contrast, when V1 size was 69 relatively small (NV1/NRGC = 0.1), neighbouring V1 neurons received inputs from weakly-overlapping RGC populations 70 due to the sparse sampling density of the mapping (Fig. 2a, bottom) , thus inducing a salt-and-pepper organization 71 (Fig. 2b , bottom and 2c, violet curve). These results suggest that distinct V1 organization can originate from the same 72 RGC mosaics, but with different retino-cortical sampling ratio according to the size of the retina and V1. 73
Interestingly, we found that even for low NV1/NRGC, V1 organization of orientation tuning can be slightly 74 clustered as in mice 16, 17 ( Smirnov test). This is because the sampling of neighbouring V1 neurons can partially overlap in the retinal space 15 . 76
We found a condition of salt-and-pepper organization with weak clustering that quantitatively matched the statistics 77 of pairwise tuning similarity in recent observations of salt-and-pepper organization in mice 16,17 ( Fig. 2d , data vs. 78 NV1/NRGC = 0.1 (violet and orange), p = 0.29; data vs. NV1/NRGC = 2.5 (green and orange), *p < 0.01; two-sample 79
Kolmogorov-Smirnov test). Thus, our model also provides a rationale for the observed topographic correlation of salt-80 and-pepper organization in rodents. 81
Next, we examined the exact condition of the mapping ratio that generates columnar and salt-and-pepper 82 organizations, respectively. For this, we applied a mathematical model for Nyquist sampling 18 , to investigate how 83 topographic information of underlying retinal mosaics pattern could be differently mapped onto cortical space, 84 depending on the mapping ratio condition. We first estimated a topographic cluster pattern of orientation tuning in 85 the mosaics in Figure 2a 11 , from estimation of the local profile of ON and OFF RGC receptive fields ( Fig. 2e, left) . 86
Then, the spatial periodicity of this retinal cluster was measured by FFT analysis of the filtered orientation tuning map 87 (Period = 431 µm; see Extended Data Fig. 3 for details). Using the estimated period of the tuning map in the retinal 88 source pattern, we defined the sampling ratio, Γ, as the number of V1 neurons (nV1) in a single spatial period.
89
According to the Nyquist theorem 18 , the sampling condition Γ < 2 will cause an aliasing problem, thus our model 90 predicts that parametric division of cortical organizations will occur around the threshold Γ = 2. A high retina-to-cortex 91 sampling ratio Γ (large V1) would develop a periodic orientation map by projecting RGC periodicity into the cortex 92 with no sampling alias ( Fig. 2e , right, Γ = 6), while low sampling ratio Γ (small V1) would cause a noticeable aliasing 93 of RGC periodicity. This produced more irregular clustering of orientation tunings in neighbouring V1 neurons ( Fig.  94 2e, right, Γ = 1.5).
95
To prove that our observation of the parametric division between columnar and salt-and-pepper organization 96 in animal data was mathematically predicted by the Nyquist theorem, we performed model simulations on the cortical 97 organization for various sampling ratios. As predicted, local map continuity (or degree of spatial clustering) of 98 orientation tuning increased with increase in the retina-to-cortex sampling ratio Γ (Fig. 2f ), indicating the transition 99 from salt-and-pepper organization to a smooth columnar map. Importantly, we observed that this transition appeared 100 to change abruptly around the sampling ratio Γ = 2, the Nyquist frequency. This result explains why the cortical 101 organizations observed so far are either columnar or salt-and-pepper, but without intermediates between these two 102
stages. 103
Finally, we estimated the sampling ratio Γ for diverse mammalian species from the ratio between the number 104 of neurons in V1 and in the retina, and compared it with the V1 organization of orientation tuning in each species 105 ( Fig. 2f and 2g ). As predicted, the group of species with or without columnar clustering was successfully distinguished 106 by the sampling ratio predicted from the Nyquist theorem. One might argue that the development of salt-and-pepper organization in rodents might originate from other 115 characteristics of the rodent visual system. For example, it was reported that mice have diverse types of RGCs (> 30 116 types) 19 . However, the majority of these types of RGC is still classified as ON or OFF classes of RGC and each single 117 class of RGC has been observed to be tiled regularly across the retinal surface 20 as in higher mammals, implying 118 that the regularly structured RGC mosaics may develop cortical organizations in both higher mammals and rodents, 119 resulting in blueprints for cortical topography. 120
The large convergence in the retino-thalamic pathway in rodents is another factor to be considered. Electron 121 microscopy techniques revealed that axons from several dozen RGCs anatomically innervated an LGN neuron in a 122 mouse 21 , while most LGN neurons in cats appear to receive their major input from only 1-2 RGCs 22 . Therefore, this 123 greater convergence in rodents has been considered to interrupt the development of a columnar organization in 124 V1 14,23 . However, in a recent study on mice in which the functional connectome between retina and LGN was 125 examined, it was reported that the response of LGN neurons is also mainly modulated by two major types of RGCs 24 126 and that this is similar in primates. In addition, the receptive fields of mouse V1 neurons mostly consist of a couple 127 of ON and OFF subregions 25 , implying that the functional connectome of retino-cortical pathways might be more 128 similarly structured across species than is predictable from an anatomical connectome. 129
Previous studies also suggest that the emergence of orientation tuning in the earlier stage of visual pathway 130 9 Doc. Ophthalmol. 30, 33-159 (1971) . 228
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Connectivity and receptive field models 246
To model a V1 receptive field, we assumed that the RGCs are statistically wired to local V1 neurons around the 247 corresponding cortical location 31 . The connection weight ( ) of the retino-cortical projection was constrained by a 2D 248
Gaussian distribution with a standard deviation ( ) of 23 µm, so that a couple of ON and OFF RGCs strongly 249 contributed to form a receptive field of a V1 neuron 31 . 250
We assumed that parameters for the retino-cortical projection could be approximated as quasi-consistent in 251 the local eccentric area. In particular, we assumed that every cortical cell receives input from a similar number for 252
RGCs regardless of variation in RGCs density and retino-cortical magnification, because the density of the RGCs 253 and retino-cortical magnification are proportional across retinal eccentricity in the observed RGC data at large 254 scale 32,33 (Extended Data Fig. 1 ). Synaptic weighting between i th RGC and j th cortical sites ( ) was defined as 255
where represents the distance from the centre of the i th RGC to the projected location of the j th cortical site. 257
The receptive fields of RGCs were defined as a centre-surround 2D Gaussian model. The standard deviation 258 of the surrounding region was set to three times that of the centre region 34 . The receptive field of the i th RGC ( , ) 259 was defined as 260
where is a distance vector from the centre of the i th RGC to each position of the visual field and was set as 262 43.1 µm for ON and 38.4 µm for OFF RGC. The receptive fields of V1 neurons were defined by the linear sum of the 263 receptive fields of connected RGCs, so the receptive field of j th cortical site ( , 1 ) was defined as 264
Measurement of cortical functional tuning 267
The preferred orientation and selectivity of the calculated V1 receptive field was estimated from its Fourier transform 
